To determine whether increased dietary iron could be a risk factor for active tuberculosis, dietary iron history and human immunodeficiency virus (HIV) status were studied in 98 patients with pulmonary tuberculosis and in 98 control subjects from rural Zimbabwe. Exposure to high levels of dietary iron in the form of traditional beer is associated with increased iron stores in rural Africans. HIV seropositivity was associated with a 17.3-fold increase in the estimated odds of developing active tuberculosis (95% confidence interval [95% CI], 7.4-40.6; ), and increased dietary iron was associated with a 3.5-fold increase (95% CI, P ! .001 1.4-8.9;
To determine whether increased dietary iron could be a risk factor for active tuberculosis, dietary iron history and human immunodeficiency virus (HIV) status were studied in 98 patients with pulmonary tuberculosis and in 98 control subjects from rural Zimbabwe. Exposure to high levels of dietary iron in the form of traditional beer is associated with increased iron stores in rural Africans. HIV seropositivity was associated with a 17.3-fold increase in the estimated odds of developing active tuberculosis (95% confidence interval [95% CI], 7.4-40.6; ), and increased dietary iron was associated with a 3.5-fold increase (95% CI, P ! .001
1.4-8.9;
). Among patients treated for tuberculosis, HIV seropositivity was associated P p .009 with a 3.8-fold increase in the estimated hazard ratio of death (95% CI, 1.0-13.8; ), P p .046 and increased dietary iron was associated with a 1.3-fold increase (95% CI, 0.4-6.4;
). P p .2 These findings are consistent with the hypothesis that elevated dietary iron may increase the risk of active pulmonary tuberculosis.
Mycobacterium tuberculosis, which grows within phagosomes of macrophages, has an elaborate system of mycobactin siderophores for acquiring and storing iron [1, 2] . The growth of M. tuberculosis in serum [3] and in mice [4] is enhanced by the addition of iron. On the other hand, the addition of iron inhibits experimental infection with M. tuberculosis in monocytes under certain conditions [5] . Furthermore, the addition of monocytes to cultures of M. tuberculosis in serum is inhibitory, with or without iron supplementation [6] .
Dietary iron overload, which affects у10% of some rural African populations, causes heavy iron deposits within both macrophages and parenchymal cells [7] . Although the condition among these populations has been attributed solely to ingestion of high levels of dietary iron in a traditional fermented beverage, recent studies indicate that a genetic predisposition may also be a factor [8] . Iron loading of macrophages could, conceivably, enhance the growth of M. tuberculosis and impair the ability of macrophages to suppress invading microorganisms. A recent statistical analysis of an autopsy series collected in South Africa in the 1920s found an association between high macrophage iron stores and death from tuberculosis [9] . Also, in a retrospective study of bone marrow iron stores, a history of tuberculosis was more common in human immunodeficiency virus (HIV)-infected patients with elevated iron levels [10] . In the present study, we explored a potential relationship between a history of dietary iron and tuberculosis in a setting where HIV infection is common.
Subjects and Methods
Study subjects. We studied 98 patients with pulmonary tuberculosis from Nyadire Mission Hospital, Mutoko District, Zimbabwe, and 98 community control subjects matched by age, sex, and area of residence. A preliminary analysis of haptoglobin polymorphisms in these subjects has been published elsewhere [11] .
History of increased dietary iron. We estimated the amount of traditional beer, which is prepared at home from local grains in nongalvanized steel containers, consumed over each subject's lifetime as an indicator of exposure to increased dietary iron. The beverage has a high ferrous iron level and a low alcohol content, and consumption is associated with increased iron stores, as assessed directly by examination of liver tissue and indirectly by measuring serum ferritin concentration and transferrin saturation [7] . The estimate of traditional beer consumption was based on interviews conducted before blood samples were obtained by researchers who were fluent in the local languages and knowledgeable of the local culture. The number of liters of traditional beer consumed in a typical beer-drinking day was multiplied by the number of days the individual usually drank per month, and this monthly total was then multiplied by 12 times the number of years during which the individual had drunk traditional beer. This estimate provides a broad approximation of lifetime traditional beer consumption, because consumption may not be uniform over time and because information was obtained by recollection. Increased dietary iron was defined as an estimated lifetime consumption of 11000 L of traditional beer [12] .
Treatment for pulmonary tuberculosis. Patients were hospitalized for 2 months for treatment with isoniazid (usual dose, 300 mg/ day), rifampicin (10 mg/kg/day; usual dose, 450-600 mg/day), and ethambutol (25 mg/kg/day; usual dose, 800-1200 mg/day) by mouth, administered under direct observation, and streptomycin (15 mg/kg/day) by intramuscular injection. Thereafter, isoniazid and rifampicin were continued at the same doses for another 4 months on an outpatient basis, with the patients being followed up monthly at the hospital. Patients were followed up from 1 week to 9 months after the start of treatment.
Blood collection and analysis. Among patients with pulmonary tuberculosis, an effort was made to obtain fasting, morning blood samples on a weekly basis during the 2-month hospitalization and then monthly, until 9 months from the start of therapy. Among control subjects, blood was obtained for 2 successive days. Vitamin C (2 g) was given orally to each subject 24 h before blood samples were obtained. Erythrocyte sedimentation rates (ESRs), complete blood cell counts, serum aspartate aminotransferase (AST) levels, serum ferritin concentrations (Ramco Spectroferritin Enzyme Immunoassay), serum iron concentrations, and total iron-binding capacities (methods modified from the International Committee for Standardization in Hematology) were measured, and transferrin saturations were calculated. The HIV 1&2 Rapid Test (Makro Medical Supplies) was used to test for antibodies to HIV-1.
Statistical analysis. After preliminary inspection, blood test results for patients with tuberculosis were grouped as follows: 1-3, 4-6, and 7-9 weeks and 3, 4-6, and 7-9 months after the start of treatment for tuberculosis. Continuous variables were compared by use of Student's t test, and proportions were compared by use of Fisher's exact test. Serum ferritin concentrations followed a skewed distribution and were log-transformed. Analysis of variance with adjustment for age and sex was used to compare measures of iron status in control subjects, according to dietary iron exposure. In patients with tuberculosis, linear regression was used to determine the relationship between measurements at weeks 1-3 and at succeeding time points. Logistic regression modeling was used to examine the relationships of dietary iron exposure and HIV seropositivity with the development of tuberculosis among all 196 subjects, with adjustment for serum AST activity. Cox proportional hazards modeling was used to examine the relationships of dietary iron exposure and HIV seropositivity with mortality among the 98 patients with pulmonary tuberculosis, with adjustment for age and serum AST level.
Results
Patients with tuberculosis and control subjects. Demographic and clinical characteristics for patients and control subjects are summarized and compared in table 1. For patients with pulmonary tuberculosis, the laboratory measurements of hematologic and iron status presented in table 1 were done during weeks 1-3 of treatment. HIV seropositivity was more common in the patients with tuberculosis than in control subjects, whereas high levels of dietary iron in the form of traditional beer was comparable. Compatible with the presence of an active and chronic infection, patients with pulmonary tuberculosis had lower hemoglobin concentrations and higher ESRs and serum ferritin concentrations, compared with those for control subjects. Patients with tuberculosis also had higher transferrin saturations.
Serial measurements of iron and hematologic status in tuberculosis patients. Serial measurements during the 6 months of antituberculosis treatment and 3 additional months are summarized in table 2, according to the subject's HIV status. Serum ferritin concentrations did not differ significantly according to HIV status at any time point, and transferrin saturations differed on only one occasion. In contrast, the hemoglobin concentrations were significantly lower, and the ESRs were significantly higher in HIV-seropositive subjects at most time points. Taken as a whole, serum ferritin levels decreased significantly between all time periods from 1-3 weeks to 7-9 months (P р ), hemoglobin concentrations increased significantly be-.023 tween all time periods up to 4-6 months ( ), and ESRs P ! .005 decreased significantly for each time period between 7-9 weeks and 7-9 months ( ). Serum ferritin concentrations and P р .033 hemoglobin levels determined during weeks 1-3 of antituberculosis treatment correlated strongly with measurements during each successive time period ( and for serum r у .7 P р .002 ferritin concentration and and for hemoglobin r у .5 P р .021 concentration). Transferrin saturations determined during weeks 1-3 also correlated significantly with later measurements at most time periods.
Iron status according to dietary iron content.
To confirm results from other studies demonstrating higher iron status with increased dietary iron, we compared indirect measures of iron status in control subjects, according to the presence or absence of increased dietary iron. After adjustment for age and sex, the geometric mean serum ferritin concentration was 115 mg/L (SE range, 90-148 mg/L) in 20 control subjects with a history of increased dietary iron, compared with 62 mg/L (SE range, 56-70 mg/L) in 78 subjects without increased dietary iron ( ). P p .038 Similarly, the ratio of serum ferritin concentration to AST level was 4.9 mg/U (SE range, 3.8-6.5 mg/U) in control subjects with increased dietary iron, compared with 2.1 mg/U (SE range, 1.9-2.4 mg/U) in those without increased dietary iron ( ). The P p .009 adjusted transferrin saturation was in mean ‫ע‬ SE 39% ‫ע‬ 4% control subjects with increased dietary iron, compared with in those without increased dietary iron ( ). 32% ‫ע‬ 2% P p .11 Relationship between dietary iron and development of pulmonary tuberculosis in patients and control subjects. Among 84 subjects who were both HIV seronegative and negative for increased dietary iron, 17 (20.2%) had tuberculosis. Among 29 subjects who were HIV seronegative but were positive for increased dietary iron, 13 (44.8%) had tuberculosis. Among 69 subjects who were HIV seropositive but were negative for increased dietary iron, 58 (84.1%) had tuberculosis. Among 14 subjects who were both HIV seropositive and positive for increased dietary iron, 10 (71.4%) had tuberculosis. Logistic regression modeling indicated that, after adjustment for the degree of dietary iron and liver function, as assessed by serum AST level, HIV seropositivity was associated with a 17.3-fold increase in the estimated odds of developing tuberculosis (95% confidence interval [95% CI], 7.4-40.6;
). Modeling also P ! .001 indicated that, after adjustment for HIV status and liver function, increased dietary iron was associated with a 3.5-fold increase (95% CI, 1.4-8.9; ). P p .009 Mortality in patients with pulmonary tuberculosis. Eighteen of the 98 patients died during the period up to 9 months after the start of antituberculosis treatment. Compared with the patients who survived, those who died were older, tended more often to have a history of high levels of dietary iron, and had higher initial serum ferritin concentrations and transferrin saturations. Cox proportional hazards modeling indicated that, after adjustment for age, dietary iron exposure, and liver function, as assessed by serum AST level, HIV seropositivity was associated with an estimated 3.8-fold increase in the hazard ratio of death (95% CI, 1.0-13.8;
). The modeling also indicated that, P p .046 after adjustment for age, HIV status, and serum AST level, patients with increased dietary iron had a 1.3-fold increase in the hazard ratio of death (95% CI, 0. 4-6.4; ). P p .2
Discussion
Because inflammation associated with active tuberculosis tends to increase serum ferritin concentration and decrease Downloaded from https://academic.oup.com/jid/article-abstract/184/7/936/860168 by guest on 14 March 2019 transferrin saturation [13] , in this study, we chose to gauge iron status by exposure to increased dietary iron in the form of traditional beer. Estimated traditional beer consumption has been shown to correlate with iron status in both community and hospitalized rural African subjects [7, 8] , and we observed serum ferritin concentrations to be significantly higher in control subjects with increased dietary iron, even after adjustment for liver dysfunction, as reflected in serum AST level. We found a significant association between exposure to high levels of dietary iron and the presence of pulmonary tuberculosis. We also found a trend toward higher mortality in the patients with tuberculosis who had exposure to high levels of dietary iron, but the trend was not statistically significant.
Our study, which was performed at a rural African hospital, has several limitations. First, iron status was estimated indirectly through history of increased dietary iron rather than directly by bone marrow aspirate or liver biopsy. Second, we could not measure CD4 ϩ T cell counts and HIV-1 RNA levels and thus were unable to determine the stage of HIV infection. Third, increased dietary iron in rural Africa derives from a fermented beverage [7, 12] , and alcoholism itself increases the risk of developing tuberculosis [14] . However, African traditional beer has low alcohol content, and specific histologic changes of alcoholism are usually not found at liver biopsy in patients with African iron overload [7] . Fourth, iron overload may be associated with cirrhosis [7] , and we were unable to determine whether cirrhosis was present in the subjects with increased dietary iron.
Although our findings seem to be consistent with the hypothesis that macrophage iron-loading in African iron overload [7] may be associated with impaired macrophage function and increased risk for active tuberculosis, there are alternative interpretations. In view of in vitro work indicating that added iron may inhibit the growth of M. tuberculosis in macrophages, under certain circumstances [5] , it is possible that the increased transferrin saturation in patients with high levels of dietary iron (table 1) might open up the extracellular space as an additional niche for M. tuberculosis replication. Also, if any of the subjects with high levels of dietary iron had cirrhosis, then the general immunocompromised status associated with cirrhosis could represent a risk for tuberculosis independent of iron status.
In sub-Saharan Africa, where iron overload, HIV infection, and tuberculosis are common, the possible association of high levels of dietary iron with tuberculosis has potential public health implications. Of note, iron overload may be found in urban areas where consumption of traditional beer is less common [15] . Further studies to examine the relationship between iron status and tuberculosis seem to be warranted.
